The formyl peptide receptor (FPR) subtype FPR2/ALX transduces pro-inflammatory responses and participates in the resolution of inflammation depending on activation. The aim of the present study was to unravel the role of FPR2/ ALX signalling in atherosclerosis.
Introduction
The inflammatory response associated with atherosclerosis is driven both by the activation of the immune system 1 and a failure in the resolution of inflammation. 2 The formyl peptide receptor (FPR) subtype FPR2/ALX has the particularity of stimulating both pro-inflammatory and pro-resolution responses, depending on how the receptor is activated. For example, leucocyte chemotaxis has been described after FPR2/ALX activation by prokaryotic peptides initiated with an N-formylmethionine as well as by a number of endogenous ligands, such as amyloidogenic and antibacterial peptides. 3 In contrast, ligation of this receptor with annexin A1 and related N-terminal peptides induces anti-migratory effects on neutrophils. 4 In addition to these peptide agonists, also lipid mediators, such as lipoxin (LX) A 4 , signal through FPR2/ALX to limit neutrophil infiltration/activation and promoting non-oxidative activation of monocytes. 5 It is from the latter agonist that this FPR subtype owes its name FPR2/ALX. 3, 6 In addition, the aspirin-induced isomer 15-epi-LXA 4 and the omega-3 lipoxygenase metabolite resolvin D1 may both transduce inflammation resolution through FPR2/ALX. 7 -9 Several of the described FPR2/ALX ligands have been associated with atherosclerosis. For example, serum amyloid A (SAA) is a well-known biomarker of cardiovascular risk, 10, 11 although administrating SAA to hyperlipidaemic mice has been reported to both reduce 12 and increase 13 atherosclerosis burden. In addition, the antimicrobial peptide LL-37 is up-regulated in human atherosclerotic lesions, 14 and genetic targeting of its murine homologue, the cathelicidin-related antimicrobial peptide (CRAMP), reduces atherosclerosis burden. 15 Furthermore, blocking the production of the FPR2/ALX ligand LXA 4 through disruption of either the 5-or the 12/15-lipoxgenase enzymes has generated contradictory results in mouse models of atherosclerosis, with neutral results, 16 as well as both increased 17 and decreased 18 atherosclerotic lesion size having been reported. However, none of these studies specifically assessed FPR2/ALX signalling since the ligands used are not specific for FPR2/ALX. For example, SAA and cathelicidins also act as agonists on toll-like receptors (TLRs) 19 and purinergic P2X7 receptors, 20 respectively. In addition, targeting lipoxygenases inhibits not only LXA 4 biosynthesis, but also alters the oxidation of other proatherogenic lipids 17 and inhibits the formation of leukotrienes, another group of lipid mediators with important roles in promoting atherosclerosis development. 21, 22 Consequently, the exact role of FPR2/ALX signalling in atherosclerosis remains to be established. Therefore, the aim of the present study was to unravel the role of FPR2/ALX signalling in the terms of pro-inflammatory and pro-resolution pathways in atherosclerosis. To this end, we used several different approaches: histological examinations of human atherosclerotic lesions, human expression association studies, and the effect of FPR2/ALX disruption in mouse models of atherosclerosis.
Methods
Expanded method descriptions are available in Supplementary material online. The TaqMan Assays used are summarized in Supplementary material online, Table S1 .
Human atherosclerotic samples
Atherosclerotic vascular tissue and peripheral blood mononuclear cells (PBMCs) were obtained from the BiKE biobank, 23, 24 including consecutive patients undergoing carotid endarterectomy ( Table 1 and see Supplementary material online, Table S3 ). Healthy iliac arteries were used as controls. The experiments, which complied with the Declaration of Helsinki, were approved by the local ethics committee, and each participant provided informed consent. Paraffin-embedded sections were evaluated by immunohistochemistry, as described in detail in Supplementary material online. After exclusion of samples with insufficient RNA quality or quantity, global mRNA expression analysis using Affymetrix expression arrays (see Supplementary material online, Table S2 ) was performed on RNA from 10 iliac arteries, 127 carotid endarectomies (Table 1) , and PBMC derived from 98 patients (see Supplementary material online, Table S3 ). Quantitative mRNA data were analysed as previously described. 25 The available probe sets for FPR2/ALX exhibited similar associations, and data for probeset 210772_at are shown.
Animal experiments
All animal experiments were performed according to the institutional and national guidelines for the care and use of laboratory animals, and all procedures were approved by the local ethics committee. Fpr2-deficient mice, generated as previously described, 26 were generously provided by Prof.
Mauro Perretti (William Harvey Research Institute, London, UK). Of note, these knockout mice were generated through insertion of the gene cassette and a GFP reporter in reverse orientation into intron 1 of Fpr2, which prevented transcriptional read-through of the Fpr2 and Fpr3 genes, 26 which are the murine homologues of human FPR2/ALX. 3 These mice have also been termed Fpr2/Fpr3 knockout mice, 27 but will be referred to as Fpr2 2/2 in the present report.
Murine aortic smooth muscle cells (mSMCs) and peritoneal macrophages were used for real-time PCR, efferocytosis, and measurements of intracellular calcium, as previously described. 28, 29 The experimental protocols are provided in Supplementary material online.
Results

FPR2/ALX is up-regulated in human atherosclerotic lesions
In human atherosclerotic lesions, mRNA levels of FPR2/ALX were significantly higher compared with control arteries ( Figure 1A) , and exhibited significant correlations with the macrophage markers CD14, CD163, and CD36 but not with the neutrophil granulocyte marker CD66b ( Figure 1B) . IF stainings of atherosclerotic lesions derived from the common carotid artery are shown in Figure 1C , and immunostainings provided in Supplementary material online, Figure S1 show the extent and orientation of the positive areas with abundant FPR2/ALX expression in highly cellular portions of the plaque and in the vicinity of the necrotic core (see Supplementary material online, Figure S1 ). FPR2/ALX co-localized with the macrophage markers CD163 and CD68, as well as with a-smooth muscle actin within the muscular arterial layer and with the endothelial cell markers von Willebrand factor (vWf) and CD31 ( Figure 1C and see Supplementary material online, Figure S1 ).
Of the clinical parameters listed in Table 1 , age and serum creatinine exhibited a significant correlation with carotid artery FPR2/ALX expression in the univariate analysis. Furthermore, age-and sex-adjusted multiple regression analyses including all parameters listed in Table 1 
Atherosclerosis development is delayed in Ldlr 2/2 mice lacking Fpr2
To determine the role of FPR2/ALX signalling in atherosclerosis progression, we generated double knockout mice lacking both the Ldlr and the Fpr2 genes (see Methods). Figure 2 depicts the time course of atherosclerosis development compared with Ldlr single knockout after 8-20 weeks of high-fat diet (HFD) in the aortic root ( Figure 2A ) and the thoracic aorta ( Figure 2B ). Ldlr 2/2 xFpr2 2/2 mice exhibited a delayed atherosclerosis development, with significantly less atherosclerotic lesions compared with Ldlr 2/2 xFpr2 +/+ mice after 12 weeks of HFD, both in the aortic root ( Figure 3A ) and in the thoracic aorta ( Figure 3B ), whereas no significant differences were observed between the groups at other time points ( Figure 2 ). To confirm these findings, a second group of mice were analysed after 12 weeks of HFD with the same results ( Figure 2 including both experimental groups sacrificed after 12 weeks of HFD, whereas Figure 3 shows the first experimental group). In terms of plaque composition, the Ldlr 2/2 xFpr2 2/2 mice exhibited significantly less CD68 positivity compared with Ldlr 2/2 xFpr2 +/+ mice, whereas the trend towards less CD3-positive cells did not reach statistical significance ( Figure 3C ). The collagen content of the aortic root was smaller in Ldlr 2/2 xFpr2 2/2 mice, as assessed by
Picrosirius red staining ( Figure 3D) , with a larger proportion of thin collagen fibres (see Supplementary material online, Figure S2 ). There were no significant differences in plasma levels of cholesterol or triglycerides between Ldlr 2/2 xFpr2 +/+ and Ldlr 2/2 xFpr2 2/2 mice (see Supplementary material online, Table S4 ).
3. Figure 4A ) and in the thoracic aorta ( Figure 4B ), when compared with those receiving Fpr2 +/+ bone marrow. The latter findings were accompanied by a reduced number of macrophages in the lesions, as measured by CD68 expression by immunohistochemistry ( Figure 4C ), whereas CD3 did not significantly differ between the groups ( Figure 4D ). No differences in collagen content were observed in the lesions derived from mice receiving Fpr2 2/2 compared with wild-type bone marrow ( Figure 4E ). There were no significant differences in plasma lipids between mice receiving BM either from Fpr2 +/+ or Fpr2 2/2 mice (see Supplementary material online, Table S4 ). compared with LXA 4 (SAA: 296 + 62 mg/mL; LXA 4 : 34 + 3.3 ng/mL; P , 0.05, n ¼ 8 in each group).
Macrophages lacking Fpr2 exhibit a lower inflammatory state
Based on the above findings that Fpr2 2/2 delayed atherosclerosis and reduced the number of macrophages in the lesions, we next sought to assess the characteristics of macrophages derived from these mice. Peritoneal macrophages derived from Fpr2 2/2 mice exhibited substantially lower mRNA levels of IL-6, IL-1b, and chemokine (C-X-C motif) ligand 1 (CXCL-1) when compared with Fpr2 +/+ macrophages ( Figure 5A ), whereas collagenase expression was not significantly different (see Supplementary material online, Figure S3 ). Furthermore, FPR2/ALX expression was significantly correlated with IL-6, IL-1b, and CXCL-1 in atherosclerotic lesions, and with IL-1b and CXCL-1 in PBMC derived from atherosclerotic subjects ( Figure 5B ). Changes in intracellular calcium exhibited a characteristic oscillatory pattern. Representative tracings of these experiments are presented in Figure 5C and videos of the calcium oscillations in the corresponding cells are available in Figure S3 ). In contrast, the frequency of macrophage intracellular calcium oscillations was similar in the different genotypes (data not shown). Fpr2 2/2 macrophages exhibited 20% less uptake of apoptotic splenocytes compared with those derived from Fpr2 +/+ mice. In contrast, this efferocytosis was not significantly altered by the use of either Fpr2 +/+ or Fpr2 2/2 apoptotic splenocytes ( Figure 5D ).
Fpr2 signalling favours collagen accumulation
Since the immunohistochemical analysis of human atherosclerotic lesions indicated that SMCs express the FPR2/ALX receptor, and since Fpr2 deletion, but not Fpr2 2/2 BMT, affected collagen content in murine atherosclerotic lesions, Fpr2 signalling in SMC was subsequently addressed. IF staining confirmed the co-localization of the murine Fpr2 with a-smooth muscle actin in aortic SMCs isolated from Fpr2 +/+ mice, whereas those obtained from Fpr2 2/2 mice stained FPR2/ALX receptor in atherosclerosis negative for the Fpr2 protein ( Figure 6A) . Furthermore, mSMCs derived from Fpr2 +/+ produced higher levels of collagen 1A mRNA compared with those derived from Fpr2 2/2 mice ( Figure 6B ). In contrast, Fpr2
mSMCs exhibited higher levels of the collagenase MMP-13, whereas the mRNA levels encoding the endogenous MMP inhibitor TIMP1, and the collagen cross-linking enzyme lysyl oxidase, were lower ( Figure 6B ).
Discussion
Three major findings emerge from the present study. First, Fpr2 expression accelerated atherosclerosis development through effects on bone marrow-derived cells. Secondly, carotid artery Fpr2 expression was associated with clinical signs of cerebral ischaemia in the human observational study and a more stable atherosclerosis plaque phenotype in murine models. Thirdly, Fpr2 expression on mSMC was coupled with increased collagen production and maturation, and pathways of decreased collagen degradation. Taken together, these results suggest that Fpr2 signalling has important vascular effects and contributes to increased atherosclerotic lesion size but a more stable plaque phenotype. Through the exploration of mRNA expression levels in human atherosclerotic plaques derived from the BiKE study of carotid endarterectomy, we show that FPR2/ALX is up-regulated in atherosclerotic, compared with normal arterial, samples. Those expression levels were significantly correlated with macrophage markers. Immunohistological examinations confirmed FPR2/ALX expression on macrophages in human atherosclerotic lesions, and in addition revealed that SMC and endothelial cells express FPR2/ALX. Multiple regression revealed that, in addition to age and creatinine, clinical signs of cerebral ischaemia were independent predictors of FPR2/ALX mRNA levels. Based on our previous characterizations of this cohort, 23, 24 these results suggest that FPR2/ALX expression in human atherosclerosis was associated with clinical features of a more stable phenotype. Nevertheless, certain limitations should be acknowledged. For example, the BiKE biobank lacks quantitative data on protein expression. Since data on non-cardiovascular co-morbidities are also missing, it can also not be completely excluded that the observed associations may be driven by unknown confounding factors. Finally, the possibility of overfitting should also be considered when interpreting multiple regression analysis.
Since the observational design of the clinical part of the present study means that no causality can be definitely attributed to the observed associations, we subsequently explored the role of FPR2/ALX signalling in atherosclerosis using mice deficient in the murine homologues of this receptor (Fpr2 3 and that signalling through this receptor mediates integrin activation in monocytes. 30 The present study extends those findings by showing that macrophages derived from Fpr2 2/2 mice exhibited lower levels of chemo-and cytokines compared with wild-type cells. Interestingly, these observations were replicated in human samples of both atherosclerotic lesions and circulating cells, hence proving a similar FPR2/ALX activity parameter in human samples, and reinforcing the parallels between the animal models used with the human atherosclerosis. Fpr2 2/2 macrophages also exhibited lower intracellular calcium oscillations, which is a marker of cell surface receptor-mediated macrophage activation coupled with transcription factors such as nuclear factor of activated T-cells and NF-kB, 31 as well as phagocytosis and oxLDL uptake. 32 In further support of an activation of proatherogenic pathways through FPR2/ALX signalling, SAA has previously been demonstrated to induce foam cell formation. 33 Although SAA may activate several pathways, 19 the stimulation of foam cell formation appears to be specific for FPR2/ ALX since this SAA-induced response was abolished by either FPR2/ ALX antagonism or siRNA against FPR2/ALX and not altered in TLR4 2/2 cells. 33 In contrast, other FPR2/ALX agonists, such as annexin A1-derived peptides and LXA 4 , promote the uptake of apoptotic cells, which is referred to as efferocytosis and is a hallmark of the resolution of inflammation 34, 35 associated with anti-atherogenic macrophage signalling, decreased necrotic core formation, and increased plaque stability. 36 In the present study, Fpr2 2/2 macrophages exhibited a defective efferocytosis, which corroborates previous studies in these mice.
35
The above-discussed differential FPR2/ALX signalling may depend on the ligand composition in the milieu, 37 although the co-expression of different FPRs may also be a decisive factor in this biased agonism. 38 Comparing the endogenous levels of two FPR2/ALX ligands in the current mouse model of atherosclerosis revealed that SAA was present in almost 10 000-fold higher concentrations compared with LXA 4 and suggests that potential inflammation resolution induced by LXA 4 signalling through leucocyte FPR2/ALX may already be impaired in this atherosclerosis model as a result of low biosynthesis of this agonist. A defective resolution of inflammation has indeed been established in atherosclerosis, 2 and the present study supports this notion in terms of the LXA 4 -FPR2/ALX pathway. Interestingly, atherosclerotic lesions of Ldlr 2/2 xFpr2 2/2 mice exhibited less collagen content with a larger proportion of thin fibres compared with lesions in Ldlr 2/2 xFpr2 +/+ mice. This finding was not replicated by BMT, and hence suggests direct effects mediated though FPR2/ALX on non-myeloid cells. The FPR2/ALX ligands, annexin A1 and LXA 4 , have previously been shown to reduce pro-inflammatory cytokines and MMP activity in SMC and fibroblasts, respectively.
39,40
The present study extends those findings by providing a first indication that FPR2/ALX signalling also promotes increased collagen production and maturation, which in addition to a decreased collagen degradation could participate in rendering the atherosclerotic plaque more stable. 41 In addition, those findings provide a potential mechanism for the present study's observational data associating FPR2/ALX expression in carotid atherosclerosis with clinical signs of cerebral ischaemia. Further studies are needed to establish the exact role of FPR2/ALX signalling in SMC, and its implications for cardiovascular diseases. Previous in vivo observations in Fpr2 2/2 mice have demonstrated that this receptor transduces both inflammation resolution 26, 27 and inflammation activation. 42 The present finding of effects promoting both inflammation (atherosclerosis progression) and its resolution (increased plaque stability) is supported by a model of dextran sulphate-induced colitis, in which Fpr2 2/2 confers disease protection in the acute phase, but a delayed healing and increased mortality compared with wild-type mice at later stages. 43 Taken together, these findings support that the signalling through FPR2/ALX may, in addition to differential effects of different ligands, also depend on the stage of disease and the target cell involved.
In summary, FPR2/ALX was up-regulated in human carotid atherosclerotic lesions, in which expression levels were associated with clinical signs of cerebral ischaemia. Explorations in murine models revealed pro-inflammatory signalling through FPR2/ALX in leucocytes transducing accelerated atherosclerosis, whereas direct effects on SMCs potentially increased plaque stability. In conclusion, given its potential roles in inhibiting disease progression and increasing plaque stability, FPR2/ALX may be an important therapeutic target in atherosclerosis.
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